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ABSTKACT The effect of Etcberichis coii lingle-stnuid 
bindlRf protein on the ftccwAey of in vitro DNA syntbefii hmt 
been detennbted by luicx twp imleptHKient metbods. By voting 
tbe synthetic polytmoleotide polyf diA-T)! and me«su7iiig dGTP 
ini»incoffpor«tion or by uslnf ^Xli4 DNA imd meMiiiHnf nu- 
cleotide ntbftitutiQw, «v fowl tk«t binding protein iiicr»uw« 
the fideUty of DNA ivntitef i« m* mudi a« 10-fold. Thi* to- 
create U ootewed witn DNA po^oDoerftsef ol divergent wurces 
mnd it pro|;reujve with increuing coooentrmtton of bhiding 
pfoteio. The iocreA«ed ^cctutcy observed with DNA polyittet^ 
«fe4 Uddnf a y — » 5* exonudeftse points to » inech«4(U«n other 
than eugniented proolrtadin^ In «ocord with the protwvtiet of 
single^trand binding protein*, ft It lug^eited that inc9e«sed 
fidelity b « remit of enhmnoed hue c^eetion by the DNA 
polymerase, retuhinf from incrvajed rigidity of the template 
dtie to Its interaction with binding protein. 

On the basis oC spontaneotu mstttioa rmten the accuracy of 
DNA roplicati<ai in vivo i$ estimated to be 10"' to 10*" suble 
misinoorporations per baae pair (1). Thi> aocurftcy is Mveral 
orders of magnitude greater than that measured with purified 
DNA polymerases in vitm, typically KT' to 10^ (2. 3), The 
cellular nuKhanlsins used to achieve this oohanoed fidelilty Are 
uDknown, although several mechanisms have been suggested 
(3, 4). In out continuing effort to understand the celtidar 
mechanisms for the accuracy of DNA relocation, we have 
begun ft systematic rtudy of the inflxjence of proteiiu known 
to be required for DNA replication on the Hdelity of DNA 
synthesis in vitro. Of particular concern was single-strsod 
binding f^-otein (SSBX first purified by Alberts and Frey from 
T4-infect©d Eichcrichia qoH (5) and later from uninfected E. 
coti (6), SSB has been shown to be cMcntlai for DNA rephcatioo 
(5, 7-9) and to be Involved in the processes of recombination 
and repair (ref. lOi unpublished results). SSB binds coopera- 
tively to singlevstranded DNA and destabilizas belica] dupSexes, 
causing a lowenng of the melting temperature (5), These 
characteristics have been used to isolate similar DNA binding 
proteins from several euJcaryotic lystems (1 1^15), although their 
role in DNA metabolism has not been firmly established. 

A role for SSB in modulating the accuracy of DNA replica- 
tkm has been suggested by several in otoo studies denwQsCrat^ 
that mutations in the gene for btoding protein alter the oveiaff 
mutation frequency of bacteriophage T^ (16-18}. In addition, 
during the process of copying poly(d{A-T)j with DMA 
polymerase, Cillin and Nossal (19) showed a 30-^80% reduction 
in turt>over of noncomplementary nucleotides in vitro upon 
the addition of T4 gene 32 protein (SSB). Also, Liu ei ai. (9) 
estimated that the error rate of copying 0X174 DNA by using 
the T4 repJicatlon complex (seven proteins), which includes SSB, 
approftcbes the mutation rate in vivo. We therefore desired to 
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assess directly the contribution of SSB to the accuracy of DNA 
synthesis. We report here our findings that purified E. coii SSB 
increases the accuracy of in vitro DNA synthesis by more than 
an order of magnitude, measured in two irxlependent in vitro 
assay systencis: Thus» a protein — other than DNA polymerase 
and effinntial to DNA repbcation — functions in enhancing bese 
selection, 

MATERIALS AND MKIHOBS 

Materials* Unlabeled nudeccide tripbosf^utes were pur- 
chased from F*L BtocbemJcals; New England Nuclear was the 
source of [a^^^PldATP, [ff-**P)dTTP, and pHJdGTP (11.900 
cpm/pmol). Foly(d(A'T)], containing only 1 dc 0.5 mol (rf 
dCMP foar every 2 X 10* moJ of dAMP and dTMP. was syn- 
thesbed as described (20). £. DNA polymerase ( Pot) m was 
purified by « modification of the procedure of McHenry and 
Crow (21). Electr<^>horesis fn the presence of sodium dodccyl 
sulfate confirmed the presence of the a» and 6 subunits. E, 
coli DNA Pol I (22), avian myek>blasto«is virus (AMV) DNA 
polymerase (23), DNA polymeq^se-a from acute lymi:d3oblastic 
leukemia celk (24), and Novikoff hepatoma DNA poiymer»se-/? 
(25) were purified as described CaJf thymus DNA polymer- 
ase-or was a generoui gift Bethesda Reaearch Laboratories 
(Rockvilie. MD), and T4 DNA polymerase was supplied by P, 
Enghind (Johns HofJdns University, Baltimore. MD) and B M. 
Aiberts (University of California, &n Francisco. CA). SSB was 
purified to >98% homogeneity from E. coii strain HMS 83 by 
the method of Weiner ei a!. (S) or h/y % simple procedure uti- 
liziiig blue dextran-sepbarose chromatography followed by 
beating to lOO^C (unpublished results). The elimination of any 
DNA affinity cdunm yields essentially DNA-free i»«parati<HU 
<^SSB. 

FideUty Assays. Fidelity assays with poIy|d(A-T)l as a 
temi^te were pe rf ormed as described in the legends to Tables 
1^. In these assays, the error rate is defined as the ratio of in* 
correct to total correct deoxyaucleotides incorporated. The 
DNA polymerase reactions for copying ^X174 DNA are as 
described in the legend to Table 5. A detailed account of the 
entire methodology for the ^X174 fidelity assay has been 
published (26), as was the method used to <4kulate the crux 
rate from the observed reversimi frequency of copied versus 
uncopicd DNA (27). 

jRESULTS 

Fidelity of DNA Pol UL As a first step in assessing the con- 
tribution of E. coii SSB to fidehty. we measured the accuracy 
of copying po]y[d( A-T)] by purified E. coii DNA PoJ III. This 
enzyme was chosen because E. coli SSB is required for DNA 
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replication and Pol HI has been shown to be the replictttive 
ONA pdymetase In £. coif (28). Pol m oopks polylfK A T)J with 
an error rate of about 1/30,000, using 5 mM Mn*'*' as a metal 
activator (Table 1). This accuracy is greater than that reported 
for Pol HI* in o^ng poly[d(A)]<ollgo(d(T)io] in Mg*+-acti- 
vated reactions (30) ajnd Vcm than that teported for Pd ill in 
cofyying polyId(A)K)lSgofd(T)i»_i8! with 1 mM Md*+ (31). 
Synthesis with Mg*+ oo poly(d(A-T)j was insufBcieDt for 
quantitation of fidelity. The optimal Mn*'*' conoentratioii for 
Pol 111 (3 mM) was mivh greater than (hat repotted with odier 
DNA potymeraaes (20, 23^ 29, 32). Moreover, the error rale was 
not increased at a Mn*"^ coQC^ttration as great as 20 mM (results 
not given). Omission of Mn*^, dTTP, or. most importantiy. 
poly [d( A'T)) eliminated bwcMponitkm of both correct and in- 
correct nucleotides. Thus, the enzyme preparation was devoid 
of contaminating DNA, wiilch cantd act as a template for in- 
corporation of sufficient atmrnnts of dGMP to interfere with 
any measurements of fidelity. Analysis of the product of the 
reaction synthesized with DNA potymerajes froro E, coU (Pol 
1) (20), AM V (23X and human plaoenU (a and iS) (33) indicates 
that this assay measures tntemal mlslncorporation of dGMP 
present predominately as singie-baae substitutions. 

Due to the high accuracy of Pol IB even with Mn*'*', any 
further increase in accuracy would be difficult to quaotltale. 
We therefore defined a set of em>r-[»one coodltlDm for the 
enzyme by simi^y increasing the concentration of tncorrect 
nucleotide relative to correct nucleotide substrates in the re* 
action. As shown in Table 2, the increase In error rate of Fd m 
is directly proportionoJ to the increase in the concentration of 
the incorrect nucleotide. These results substantiate previous 
findings on ihe effects of biasing substrate pool sizes with Pol 
I (20. 26), AMV DNA polymerase (23, 29). and T4 DNA poly^ 
merase (19, 32) and are in accord wflii kinetic models on the 
fidelity of DNA synthesis (34). 

Effect of 5SB on Fidelity of Pol HL The results of addition 
of increaislng amounts of SSB to Pol Ill-catalyzfid poly{d<A-T)j 
assays are shown in Table 3. In experimeitt 1, equal concen- 
trations of incorrect and correct substrate* were used. In ex- 

Tsbl< I. Fideiity of E. coU DNA Pol til bn copying poly[d(A-T)] 



Nucleotide incorporated, 
pnwal 



Condition 


CornKt 


Incorrvci 


Error rate 


I. Complete 








I inM MnCl, 




0,001 


1/40,200 


2 mM MnCIa 




0.020 


1/31,200 


5 mM MaClx 


dos 


0.021 




11. Complete 








<6mM MnCM 


1786 


0.069 


1/30,300 




<1.0 


<0.001 




- poly|d(A.TH 


<l,0 


0.005 




- dTTP 


2.S 


0.008 





ABaaya were peff Drm«d in « 50-/*l votumft containing 20 mM Tri*' 
HCI (pH 7.6). 5 mM dithkjthreitol, I of poty(d(A-T>|, 50 t^M each 
of d ATP. fa-^idTTP (5-20dpm/pmol) (1 dpm - 16.7 mBqK*od 
PHjdGTP (U,900cpm/pTnol)^ 100 jL»g of bovine ieniro aJbumin per 
ml, 100 ATP, Uw indicate concentration of MnCJi, and 0J2 {Exp. 
I) or 0.4 (Exp. [1) unit of E. coh DNA PolJU. For the experiment in 
which dTTP was omitted, [a-^ldATP (5.8 dpm/potot) mm md at 
the labeled correct nucleotide. Incubation wai for either 30 or 60 min 
at ^)7'*C. Actd'inaoluble radloActivity waa determined aftet repeatedly 
precipitating the polynucleotide product with 1 M hydrochloric 
acidy005 M nxiiura pyrophoephate and jrediMolviny with 0,2 M 
NaOH (29). All amaaya «ere performed in triplicate and the averoga 
incorpuratton waa obtained after •ubtracting the amount of Incor- 
poration in the abtance of incubation (typioUly 15-20 dpm for 
and 50-100 cpm for 



Table Z ProportkmaKty of error rate of caU D>9 A Pol III to 



concentration of incorrect nucleoUda 



dGTP 


Nucleotide incorporated. 




Relative 


conoentiation, 




Error 


increaae in 


fiM 


CorTKt looorrect 


raU 


error rata 


60 


973 0.029 


l/ZZfiOO 


1.0 


100 


860 a056 


1/15,600 


2.2 


176 


638 0,065 


I/&.780 


3.4 


2&0 


444 0.068 


1/6,630 





Auaya were performed aa deacribed tn the legend to Tabte 1 mth 
5 mM MnCIs aitd increasing concentrations of FH]dGTP, as indi- 
cated, to a ma^dmurn of 250 ^M. In each experiment, ooncentration 
of dATP and dTTP im 50 ^M. All aaaaya were carviad out In tri|^{' 
cats, tiiccrpotatioo in tha ^Mance of incubation was ^termined 
each coocantration ctf [flldOTP and tba values obtained were aub> 
Uacted. litoorporatiofi of dGTP ta the absence of tncubatwn varied 
from 0,003 to 0.011 pmoJ at 50-2&0 PH}dGTP. 

peiiment SL the concentratioo of the incorrect ntideotide was 
5-fold greater than iiiat of either correct nucleotide. In both 
instances, tlie addition binding protein in amounts stcrf* 
chionnetric with DNA resulted in a 15-27% increase in the rale 
of polymeHxatkm, whereas greater amoonty were inhibitory, 
aa Indicated fay previous lepotti (6, 35). Moat impottantly, SSB 
incrvaaed the accuracy of Pol ill-catalyzed DNA synthesis in 
a concentration-dependent maimer. The greatedit effect shown 
here, a 5.S-f old Increaae in fidelity, wa« obaerved at an inhib- 
iting coDceotratton of SSB, This amount of SSB (weight ratio 
SSB to DNA of 5:1) i« sHghtJy ten than that required to cover 
aji nucleotide* tf tbe template were completeiy single-stranded 
Inhibritlon of synthesis by greater amounts of SSB prevented 
quantitation of f tdelity. By linear eitrapolatioo of I be results 
obtained with biased pools to the results obtained with equi- 
molar ooooentratioiis of incorrect and corrDct nudeotideSp we 
find that the error r«t« of Pol UI in Mn^^ with SSB b less than 
1/200,000, 

Effect of SSB on Fidelity of Otber DNA Poljnnerases. In 
order to determine whether tbe increase in accuracy was lim- 
ited to a roedflc reaction of Poim with cvlf SSB, we exam- 
ined tbe ^ect of SSB on the fidelity of DNA synthesis catalyzed 
by other DNA polymeraaew (Tabte 4). Tbe Bdeby was ipcreta^ 
sewalfoU widi aU DNA polymeraacs sttidSed with either Mg»^ 
or Mn*^ as a metal activator. The increow in fidelity observed 

TaMe 3. Effect <rf E, eoU SSB on fidatity of E. toti DNA Pol lU 



Relathre 

Nudeotkie decraaSa 
incoiTXtrated^ prool E^rror in 



SSB/DNA* 


Corract 


Incorrect 


rate 


error rata 


Exp. HBO fiM dGTP) 










1094 


0.032 


1/32J0OO 


1.0 


0.6:1 


1196 


0.020 


1/60,800 


1.9 


1.26:1 


m4 


0.017 






2.6:1 


796 


0.006 


1/132,600 


4.1 


Sxp.2(250MMdGTP) 










662 


o.ode 


1/7.580 


LO 


0.5:1 


750 


0.060 


1/12.600 


1.6 




763 


0.060 


1/15,300 


2.0 


2.5:1 


638 


0.028 


1/22^ 


3.0 




398 


0.00& 


1/44,200 


5.8 



Awaym were performed as deecribed In the legenda to Tabtea 1 and 
2 with 5 mM MnCJ, vid the indigated amoonta of E. coli SSB. 
* Tba ratio of SSB to DNA U a weight ratia Saturation ia caicuUted 

at 6^6:1, asauming one SSB molecule (74^000'inolecular weight tat- 

ranwr) cover* 32 nucleotide* <B>. 
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TAbl« A. EITect of £. coii S£ 


!B od ndelity of different DNA puiynwraae* 








Nudtotide incorporated* 




R»Iativ« 




iVlCUJ 








decreaae tn 


SSB/DNA 


activator 


Coirrect 


Incorrect 


Error rate 


error rate 


E, coii ZJJVA Poi J 
















274 


0.011 


1/24 900 


1.0 


0.5:1 


MgCla 


527 


0.009 


1/58 600 


2.4 


i.mi 


M^t 


688 


O.OlO 




2.8 




MnClj 


257 


0Ji68 




1-0 




MnCla 


410 


0.108 




4.0 


T4 DNA polymerxiS€ 














MgCls 


169 


0.004 


1/49 ■ViO 


1.0 






256 


<0..001 




>6,l 


1.35:1 




334 


0.001 


1/334^ 


7.9 




MnCls 


1B5 


aoos 


1/65,000 


1.0 


1.26:1 


MaOs 


880 


0.001 


1/886.000 


13.6 


AMV DNA pclytnerKLt^ 












MgCla 


188 


0.078 


1/2,420 


l.O 


0.5:1 


M1CI2 


661 


0,076 




3.6 


1.26:1 


MgCEt 


626 


0.054 


1/U.600 


4.8 




MnCli 


7S1 


0.276 


1/2,730 


1.0 




MoCIa 


396 


0,061 


1/4,890 


2.0 


Novtkoff hepatoma DNA polymtrate^^ 












MgCH 


517 


0.103 


1/5.020 


1.0 


0.5:1 




198 


0.014 


1/14.100 


2.6 


1.26:1 


MgCij 


47 


<0.001 


< 1/47,000 


>9.4 


Calf tkymu* DNA polymtrtut-a 












MgCb 


198 


0.044 


1/4,500 


1.0 


0^:1 


MfCIi 


359 


0.023 


1/15.600 


3.5 


1.25;1 




57 


0-001 


1/57.000 


12.7 



AsMyi war« performed in a 50-/xl volume containing 50 mM THo^HCl (pH 8,0), 2 mM dithiotkrwtol. divalent metal ion 
acthrmtor (2 mM MfClf w 1 mM MnCts). 1 of polyid(A'T)], 50 fiM dATP. 50 mM [a-^jdTTP (5^20 dpm/prool), 50 
/iM (3H}dGTP (11«900 cpm/pmol), 0.1-0.6 unit of tha mdicat«d DNA polymeraaa. and E. coii SSB a* «bowD. EnmibaUon 
was at 37'C for 15 rain <Pol I> or 60 mln (T^, AMV, a. and 0h 



with DNA polymcrajea from AMV, Novlkoff heparoma (fi), 
and caJf thymus (a) b not m«dlat«d by an Increase in excision 
of tncorroctJy incorporated nucleotides^ because these enzymes 
lack any proofreading exonucleolytic activity (2. 36, 37). Abor 
the improvement in accuracy if not correkted with enbAnced 
polymerw activity. Thus* Pol I, T4 DNA polymerase, and 
AMV DNA polymerase wes« stimuktod by $99^. whereas DNA 
polymerase-^ was Inh^iited; yet the accuracy <t[ each of these 
polymerases was increased. As with Fol IIX the increase in ac- 
curacy of each enzyme was greatest at the highest ooooentratictfi 
of SSB used 

Effect of SSB 00 Fidelity with « Natural DNA Template. 
Measurements of fidelity with synthetic homopolymen and 
heteropoJymers are potentially subject to artifact! inherent in 
the repetitious sequences of these templates. We therefore ex- 
amined the effect of SSB on the fidelity of DNA polymerases 
by using the recently developed <^X174 fidelity assay (26, 27). 
In this assay, <^X174 DNA coaitaining an amber mutation in the 
gene D/E oveHap is primed with a specific restriction endo- 
nuclease fragment and copied by a DNA polymerase in vitro. 
Certain incorrect misincorporations at the amber site will 
produce reversions to wild type. The DNA is used to infect E, 
coii spheropJasb that ai« pkted on Indicator bacteria. The error 
rate is then determined f n»n the reversion frequency for cofifed 
DNA when compared to an uncopied control Biasing the 
subctrate poo) by a relative tncrease in an Inoc^nct nucleotide — 
in this case, dATP — provides an error-prcme condition that can 
be used for accurate quanUtati<m of increased accuracy (26). 
The 0X 174 assay can be used to quantitate error rates for any 
DNA polymerase capable of utilbdng dngle-stranded DNA as 



a template. The inability of Pol III to copy long stretches of 

single-stranded DNA (38, 3d) thus jxedudes measurements of 

fidelity with this enzyme in the ^X174 assay. 
The error rates ol five differefit ]>NA polymerases in the 

presence and absence ol £. coii SSB when a 5-fold ezcciss of 
inoomct nucleotide was uied are shows In Table 5. With each 
enzyme, SSB increased the accuracy of DNA synthesis sever- 
alfold. Similar results were obtained by using a balanced sub- 
strate pool (data not shown). As with po}y{d(A-T)}, the effect 
was dependent 00 the concentration of SSB (with Pol I). II 
should be noted, however, that the magnitude of the increase 
in fidelity with SSB did vary considerably, depending on the 
enzyme and SSB preparations used (data not shown). Because 
the acoffacy ot DNA polymerases without 3' — ' 5' exonticleoses 
was increased to an extent similar to that of I, it is likely that 
the effect of SSB is not mediated by enhanced proofreading. 

DISCUSSION 

The in dvo accuracy of DNA replication of 10"^ to 10~^^ ap- 
pears to be aichieved by a muhistep process (3). The froe energy 
of discrimination between incorrect and correct base pairs ac- 
counts for an erm rate of only ICT* DNA polymerases enhance 
base selection to error rales of 10"^ to IQr^, All the DNA 
polymerases used in these studies fall into this range. The ex* 
periments described here indicate yet another step in ap- 
proaching in vivo accuracy. SSB enhances the accuracy of in 
vitro DNA synthesis in two independent assay systems by at 
least lO-ff^d. Thus, fidelity in vUro can approach 10^®. The 
magnitude of the increase correlates cloaely with in vivo studies 
06-18) on the mutator and antimutator ^fects of mutations 
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Tabl« ^, BITect of SSB on accuracy of DN A potyme: 



in 





_ 




ivfUtttlW 






_ 


dtCTiiii in 








BTTOF rat4 


E. cqH on a Poi f 








™ 0 


0,2S7 


— 




— 622 


3.12 


1/450 


1.0 


2.6:1 666 


1,32 


1/1^ 


2.7 


5:1 684 


0,916 


1/2,070 


4.6 


7.5:1 573 


0-^ 


1/3,200 


7.0 


T4 DNA polymertiMt 








— 0 


0,787 







1164 


1.44 


1/1,»90 


L.O 


5:1 838 


0.841 


1/24.100 


12.1 


AMV DNA polymerm 








— a 


0.416 






— X69 


22,2 


1/80 


1.0 


7.5:1 253 


1.40 


1/1,3^) 


22.0 


Noifikoff hepatoma DNA polymtr(t*9*ff 






0 


0.344 






— 491 


i.X6 


1/1,690 


1.0 


7.5:1 m 


0.640 


1/4390 


2.8 


Acute lymphtKytic huhenw DNA polymerate- a 




— 0 


0.476 






— 349 


1.42 


1/U80 


1.0 


5;l 2^ 


0.766 


l/4,4d0 


3^ 



DNA polymersM readion* were performed in siikonizad t«*t tubes 
m a 50-mI volume containinj^ 2J0 mM Trie-HCl (pH 8.0), 2 mM di- 
thioth/eitol, 1.6 mM MnClz, 600 dATP, IOOmM each of dCTP, 
dGTP, and «P}dTTP <400^1200 dpm/pmpl), 0.2 4** of ^X174 am3 
viral DNA primed at ■ 5-to-l molar ratio with Hat III reitrictioii 
endonucleaH fragment Z*, 0,6-1.0 unit of the tudicated DNA poly* 
meraae, and E. coU SSB. Reactkma were incubated at 37*C for 5 min 
<Pol I apd T4>, 60 min (a and /3), or 120 min <AMV) aixi slapped by 
addition of 1 m1 of 100 mM EDTA. liicnrpontioti was deteiruzied fnni 
dupJicate 2-^1 aliquota and the value* expre«a«d «• total nucleotide* 
per template were calculated ai an average, aMuminf all molecules 
are initiated and copied to the tame eitcnt. Tht rtmaining reaction 
mixture waa uaed to tramfect £. coli spiuroplaati, which were then 
plated aa infective oenteti on pennisiiva and nonpenniMive indicator 
bacteria (26). The re'veraion frequency of am3 to wild type wai then 
used to calculate the error rate (27). In an effort to increaie the »eii- 
sitivLty of the aacay, error-prone conditions were used by biaAin< iht 
substrate poob to contain a &-foid excess of one incorrect nucleotide, 
dATP (2e>. Wharaas the entja- rates for Pol I and AMV DNA poly- 
merase are in agreement with pufaUshed nsulta (28, 40), th* ermr rates 
with a, and T4 polymerases quoted hare are initial measurements 
in Mn'*. The actual error rates En Mg^"*"- activated reactions for the 
latter enzymes under optimal conditions are yet to be determined. 



in T4 gene 32 {SSB). The f ncreasMl aocuraoy U indepcttdent of 
the u«e of error- prone coDdlliona, hrraiisf it i$ observed with 
either Mg^^ or Mn'^ tixid with biased or bftlanced nucleotide 
substrate pooU. 

At this time, no strong ooncltulofi* on the mechantsm of en- 
haf>oed accuracy can be formulated. The leveralfokl ei> 
hatuement in fidelity ofaoemd with DNA potymensei lacking 
a pnM)freadii)g eMftuckaje lixlkate 

be the reason for iocreajed accuracy with tbe» anzymef. 
However, enhanced proqffeadtng could have a role with en- 
zymes exhibiting a 3' ~^ 5' exoniuilease. Many mechaninn* 
could explain the increase in fidelity; the yimptest of these is 
enhanced base-selection due to a template/SSB interaction, 
resulting In increased rigidity of the template. The potential 
importance of this inters ction is emphasized by the observation 
thai a Pol I/Mn*"*" complex orients the glycosyllc bond of the 
incoming substrate to a conformational angle of 90* (41) — that 



found in double-hellini OSA-ff. Such an eaxyme-mediated 
conformational change would position die substrate for correct 
baae- pairing with the template. However^ in order to inairhntwy 
such a conformatioiial enhaAcemtent in baie selection, the nu- 
deotideo in the template should be held rigidly . In this instance, 
it should be more likely that the incoming nucleotide, if In- 
correct, will be rejected by steric overlap d the hydrogen bonds 
between template and subatrate (42). Thus, by increasing 
template rtgh^, SSB ooukl ampilfy base selection during DNA 
synthesis. Consistent with this hypothesis is the fact that the 
enhancement in accuracy for a ^ven amount of SSB is not an 
absolute vaKje but is proporbomJ to the rektrve accuracy of dko 
DNA polymerase used (Tables 4 ar>d 5). AJao, this hypothesis 
is supported by the 30-^9( Inhibition of noocom piemen tary 
nucleotide turnover observed with T4 DNA pc^ymerase In the 
presence at T4 DNA binding protein (19). 

In addition to DNA polymerase aod SSB^ genetic evidence 
indicates that other protcHns contribute to hi^fkielity( 18^^ Liu 
et of. demomfcrated that 0X174 DNA could be copied by a 
seven-protein T^-reii^icatliig complex with an accuracy ap- 
proaching that achieved during 0X174 replication in £, coli 
(9). The method cf analysis presented ber« can potentially be 
extended to determiiw the oontributioa to fidelity <^ any pu- 
tative replicative protein (43). For example^ the true repbcative 
form of Fol 111, the holoenzyme (44), contains at least three 
suhunlts in addition to thcae present in Pd 111 (a, and the 
form o£ the enzynkc used here. Potentially, these additional 
subunits, in conjunction with binding protein as well as other 
proteins, may allow in citro DNA synthesis to proceed with the 
observed in vtw accuracy. 

A number of exogenous agents have been demonstrated to 
decrease fidelity of copying synthetic polynucleotide templates 
(refs. 3 and 45; unpublished results) and, naoit recently, natural 
DNA (26). Most of these agents have been designated as mu- 
tagens or carcinogens, liowever, until now no additions to the 
in vitro reaction have been found to increase fldekty. Tbus> the 
Urge enhaiwemeirt in ^ccur^cy of in tiUro DNA synthesis with 
SSB is «^ nwre striking, and coupled with In c4«> data (16-18) 
it strongly suggests that SSB contributed significantly to the 
accurate rej^icaticnt of genetic inf ormakicm. 

We Uunk Susan C Weston for expert technical aaiittnce. Thi« study 
wss tupported by grants from the National Institutes of Health (CA- 
24^ CA-24498, and CA- 17723). the Natiooat Scieooe FoundatkM 
(PCM 7ft-80430), and the Amedcan Cancer Society (NP-277). T.A. JL 
is a Poftdoctml FdW of the National Iratitutes of Health (OA- 
06168). 
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